High P-T Raman measurements of solid and fluid hydrogen to above 1100 K at 70 GPa and to above 650 K in 150 GPa range, conditions previously inaccessible by static compression experiments, provide new insight into the behavior of the material under extreme conditions. The data give a direct measure of the melting curve that extends previous optical investigations by up to a factor of 4 in pressure. The magnitude of the vibron frequency temperature derivative d=dT P increases by a factor of 30 over the measured pressure range, indicating an increase in intrinsic anharmonicity and weakening of the molecular bond.
High P-T Raman measurements of solid and fluid hydrogen to above 1100 K at 70 GPa and to above 650 K in 150 GPa range, conditions previously inaccessible by static compression experiments, provide new insight into the behavior of the material under extreme conditions. The data give a direct measure of the melting curve that extends previous optical investigations by up to a factor of 4 in pressure. The magnitude of the vibron frequency temperature derivative d=dT P increases by a factor of 30 over the measured pressure range, indicating an increase in intrinsic anharmonicity and weakening of the molecular bond. The behavior of hydrogen at high densities has been widely explored in recent years both experimentally and theoretically, yielding a wealth of information on the material [1] [2] [3] . Detailed information has been obtained from static compression experiments generally limited to low-temperature studies (< 300 K) and maximum pressures of 300 GPa (e.g., Refs. [4 -6] ). However, there are now numerous questions regarding the behavior of hydrogen at high pressures and temperatures, results that have important implications for both fundamental physics and planetary science. Recent first-principles calculations predict a structural phase transition in the solid prior to melting at pressures above 40 -50 GPa and 400 -700 K [7] . Other simulations indicate a transition to a dissociated liquid phase at temperatures above 1000 K at 150 GPa [8] . Recent extensions of these calculations find a first-order liquid-liquid transition together with a maximum in the melting curve [9] . More general theoretical considerations of the pressure dependence of the quantum character of the system are also consistent with both a melting maximum and significant weakening of the molecular bond [3] . Shock-wave compression studies (e.g., Refs. [10 -12] ) have explored the behavior of the material at higher temperatures (e.g., 100 -200 GPa and E 4 eV along the Hugoniot and 3000 K for reverberating shocks). These studies provide evidence for an onset in electrical conductivity [10] and measurements of the equation of state [11, 12] . However, the mechanism of the transition to the conducting fluid has been a matter of debate [8, 13] , and the actual equation of state data themselves remain controversial [12, 14] .
Direct measurements of the state of bonding of the material at high pressures and temperatures are required to address these issues. Vibrational spectroscopy is crucial in such studies. In addition to information on bonding, these spectroscopic techniques have also been the sole means for identifying phase transitions at high (e.g., 100 GPa) pressures [4] because vibrational excitations are extremely sensitive to changes in crystal structure, including melting. However, all spectroscopic studies in this pressure range have been carried out at or below 300 K. Visual observations and P-T scans have been used to probe melting but only to 15 GPa [15, 16] ; large extrapolation in the recent work suggests a possible melting point maximum [16] . Brillouin scattering measurements have been carried out to 500 K at 15 GPa [17] , but there is no experimental data whatsoever on the high-temperature behavior of hydrogen under static compression at more extreme conditions. Indeed, it has been said that static compression experiments on the material at high temperature are not possible because hydrogen samples cannot be contained at elevated temperatures within high-pressure devices. Here we report successful containment of hydrogen at static high P-T conditions, allowing detailed Raman investigations of both the solid and the fluid to temperatures in excess of 1100 K at megabar pressures. The measurements provide a direct determination of the melting curve to significantly higher pressure than was previously inferred by optical observations. The data further show an appreciable increase in the anharmonicity of the molecular bond with temperature at pressures above 100 GPa. There is also an increase in integrated intensity of the Raman vibron with temperature.
The principal problem with containing hydrogen under static high P-T conditions is gasket and anvil embrittlement, mechanical instability of the container, and consequent loss of sample. The experiments were carried out using modified high-temperature Mao-Bell diamond anvil cells equipped with double heaters and thermocouples. The temperature was measured to within 1 and 5 K, respectively, below and above 600 K. Additional details about the heating techniques are provided elsewhere [18] . Raman spectra were measured with 514.5 and 488.0 nm Arion laser lines at minimum power to prevent premature anvils breakage at elevated pressures. The pressure was determined from in situ fluorescence measurements of ruby and Sm:YAG chips loaded in the sample chamber. Diffusion of the sample into the gasket is a problem with heated hydrogen samples at any pressure. Many different gasket materials have been tried for confining compressed
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H 2 above 300 K [16] ; e.g., the highest temperature reportedly reached with Al gaskets was 560 K at 9 GPa. Rhenium is routinely used as a gasket material; however, above 500 K in the presence of pressurized H 2 , it typically loses its strength and its performance degrades, often leading to sample loss. In order to circumvent this problem, we employed composite gaskets made of compressed ceramic powder and Re. The ring of powder separated the H 2 sample from the rhenium gasket to prevent gasket embrittlement. After loading, Raman spectra were measured in different parts of the powder ring to examine the amount of possible hydrogen present in the compressed powder. In the area surrounding the sample chamber (3-4 m away from the hole), hydrogen was still detectable but the intensity of the vibron was at least 1 order of magnitude weaker than in the sample chamber, and no hydrogen could be detected in areas adjacent to the rhenium. The Raman spectra measured over a wide spectral range (100-5000 cm ÿ1 ) before and after cooling revealed no products of possible chemical reaction between H 2 , Re, and powder took place. Figure 1 shows representative Raman spectra of the hydrogen vibron at 300 to 1115 K over a pressure interval of 73 to 68 GPa. The width and position of the vibron were determined from fitting the data with Gaussians; the intensities within a temperature scan were corrected for collection time and checked by comparison with the intensity of the Raman mode from the diamond anvil. The pressure was monitored within the entire temperature range. Because of pressure changes during the heating/ cooling process, special care was taken to treat the vibron frequency data [19] . The vibron peaks shift into the lower energy and broaden with temperature. Moreover, there is a significant increase in integrated intensity of vibron with temperature.
Recent path-integral Monte Carlo simulations [7] predict a structural phase transition from the orientationally disordered hexagonal closed packed (hcp) phase I to an orthorhombic (Cmca) structure above 40 -50 GPa and temperatures at 400 -700 K. The predicted structure would have two vibrons at distinct frequencies because the Raman-active modes are sensitive to the form of the vibron band structure in the new structure [1] . No changes in the vibron associated with a possible transition were observed over the entire P-T range examined. On the other hand, discontinuities in the position (as well as width) of the vibron were observed in the lower pressure range (Fig. 2) that readily correspond to the reported melting transition [15, 16] . With these measurements, we are able to extend the identification of melting to high pressures and temperatures. We observed that with increasing pressure from 7-10 GPa to 35-45 GPa the discontinuity in frequency decreases from 3-4 cm ÿ1 to 1 cm ÿ1 and becomes even smaller with higher pressure (e.g., at a nominal pressure of 72 GPa). The decreasing volume changes on melting implied by the flattening of the melting line are consistent with the small .
The points that clearly indicate melting are shown in Fig. 3 . We fitted the data to various melting laws, combining our data with lower pressure data from Refs. [15, 16] . 
As found in Ref. [16] our data are not well fit by the Simon-Glatzel law [20] which has been extensively used for many melting lines. We also fit the data using the Kraut-Kennedy formulation [21] , which assumes that the melting temperature is linear in the volume; for this we used the x-ray equation of state [22] . The KrautKennedy law provides a significantly improved fit to the data in comparison to the Simon-Glatzel equation. Notably, both do not pass through the maximum when extrapolated to higher pressures. Also, the KrautKennedy curve coincides with the weak discontinuity mentioned above at 950 K and 72 GPa (not used in the fit). Finally, the data were fitted to a more recently developed model by Kechin [23] . The quality of the fit is comparable to that obtained with the Kraut-Kennedy equation. However, it exhibits rather different behavior in the extrapolated range, giving a turnover of the melting curve at 100 GPa and 950 K. This behavior was also noted by Datchi et al. [16] in their fit to melting data to 15 GPa, but both the pressure and temperature of the maximum from the new Kechin equation fit are lower [24] . This result is close to the melting line maximum and liquid-liquid transition predicted theoretically [8, 9] . Examination of the vibron shifts reveals a significant increase in intrinsic anharmonicity and weakening of the molecular bond at high P-T conditions. Below 100 GPa the vibron temperature shifts are comparable, whereas above 120 GPa the slopes steepen (Fig. 4) . The magnitude of ÿd=dT P at 300 K increases by a factor of 30 over the measured pressure range, with a steep increase occurring above 100 GPa. There is also a marked increase in width of the peak, as found at much higher pressure but low temperature [5, 6] . More information can be obtained by extracting the intrinsic (purely thermal) anharmonicity d ln=dT V , which is formally related to the multiphonon and electronic contributions to the vibrational shift [25] . We write
which allows separation of the quasiharmonic (volume dependent) and pure thermal contributions. For hydrogen, both the first and second terms on the right are negative above 30 GPa (see Ref. [1] ), making the intrinsic anharmonic term even more negative. Quantitatively, we used data for (thermal expansion) and K T (bulk modulus) at high pressure from previous equation of state measurements [22, 26] . At 150 GPa, for example, dln=dT V ÿ8: 22 10 ÿ5 K ÿ1 , d ln=dT P ÿ8:15 10 ÿ5 K ÿ1 , and K T d ln=dP T ÿ7:01 10 ÿ7 K ÿ1 , which shows that the thermal effect at high pressure is much more significant than isothermal pressure-induced vibron softening (cf. Refs. [1, 27] ).
Finally, the results have implications for changes in electronic properties at high pressures and temperatures. We observed that the vibron intensities increase with temperature over a broad range of pressures. The simple expectation is that there would be a decrease with temperature, due to either sample leakage (often observed) or weakening associated with increased thermal excitation, so we did not set out to measure accurate intensities. The observed enhancement appears to be intrinsic to the sample. The change can arise from a substantial increase in refractive index with temperature, i.e., approaching that of diamond as found at higher pressure (140 GPa) and <300 K [28] . The change would reflect a 
temperature-induced decrease in energy of high energy electronic transitions that control the dielectric properties in the visible (e.g., preresonance Raman) [29] . This is analogous to the pressure-induced increase in dielectric constant [28] , where at the highest pressures ( 300 GPa) there is evidence for resonance effects [1, 6, 30] , but here the effect is induced by temperature at high pressure. The observation requires further experimental and theoretical study and may be important for analyses of shock electrical conductivity data that give a decreasing gap with pressure, where a temperature independent gap was assumed [31] .
In conclusion, this study demonstrates that detailed spectroscopic measurements can be used both for mapping the phase diagram and for elucidating the bonding state in hot dense hydrogen at P-T conditions previously inaccessible by static compression techniques. The measurements indicate that the melting curve may flatten out as suggested by theory and analysis of lower pressure data. The spectra reveal an appreciable softening of the vibron frequency with temperature at pressures higher than 100 GPa and give direct evidence for a large increase in intrinsic anharmonicity in the system at high pressure and temperatures. Moreover, variations in the vibron intensity with temperature can be traced to combined P-T effects on the electronic structure of the material. Overall, the results reveal significant changes in the state of hydrogen at moderate temperatures ( 1000 K) and megabar pressures.
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